Abstract Chitosan (Ch) microspheres have been developed by precipitation method, cross-linked with glutaraldehyde and used as a template for layer-by-layer (LBL) deposition of two natural polyelectrolytes. Using a LBL methodology, Ch microspheres were alternately coated with hyaluronic acid (HA) and Ch under mild conditions. The roughness of the Ch-based crosslinked microspheres was characterized by atomic force microscopy (AFM). Morphological characterization was performed by environmental scanning electron microscopy (ESEM), scanning electron microscopy (SEM) and stereolight microscopy. The swelling behaviour of the microspheres demonstrated that the ones with more bilayers presented the highest water uptake and the uncoated cross-linked Ch microspheres showed the lowest uptake capability. Microspheres presented spherical shape with sizes ranging from 510 to 840 lm. ESEM demonstrated that a rougher surface with voids is formed in multilayered microspheres caused by the irregular stacking of the layers. A short term mechanical stability assay was also performed, showing that the LBL procedure with more than five bilayers of HA/Ch over Ch cross-linked microspheres provide higher mechanical stability.
Introduction
Over the years, there has been an increasing interest in developing different forms of biomaterials to be applied in tissue engineering and drug delivery. Especially, particulate materials have been designed and optimized in various ways in order to improve patients care. So, there is a continuous effort in developing new methods, materials and devices. Microspheres have found a great applicability in tissue engineering because of their small size, being able to be inserted in the target area in a non-invasive manner; and large surface to volume ratios and a capacity for loading the bioactive agent at a high fraction of the total weight of the particle [1] . Such microspheres can be used to build scaffolds by simple agglomeration [2, 3] or they could be used as injectable scaffolds [4] .
Chitosan (Ch) has been used in the particulate form for many purposes, including a carrier for drugs [5, 6] . Being a natural biodegradable biocompatible cationic polymer, it is used in large scale in the biomedical field. Because of its hydrophilic character, the water can penetrate in the polymer chains causing swelling, originating a hydrogel. These hydrogels are prevented from dissolving in the medium by chemical or physical crosslinking. For tissue engineering and drug delivery, hydrogels can either have the drug dissolved in the matrix or encapsulated. Also, the drug can be released upon swelling or by degradation of the hydrogel [7] .
Since around 1990, when Decher et al. developed multilayer coatings based on the deposition of oppositely charged polyelectrolytes onto surfaces [8] , the multilayered self-assembled or layer-by-layer (LBL) films have been applied in various areas, including biomaterials' coatings [9] , which find great applicability in tissue engineering, biomimetic coatings [10] , drug delivery [11] , protein adsorption [12] , bioactive coatings [13] , biosensors and for the coating of living cells [14] . LBL architectures are based on the alternately deposition of oppositely charged species on any charged substrate [15] , ranging from planar [16] to non-planar templates such as colloids [17] or microcapsules [11] . Since it is possible to use a wide variety of species and charged substrates and by varying the number of layers deposited [9] , one can engineer materials by LBL construction with wide functional properties [18] . This technique becomes very relevant for biomedical applicability since it can incorporate different types of biomolecules in or on the materials. The LBL construction also enables to control the thickness of the layers at a nanometer scale and produce robust coatings under ambient and physiological conditions due to strong multiple electrostatic interaction forces between layers [19] . Multilayered self-assembled methodology is, consequently, a versatile, easy preparation technique with small costs involved. However, the biggest limitation might be the time-consuming sequential polyelectrolyte deposition cycles and purification steps [20] .
Also, it is possible to tune the degradability of the LBL films [16] by using biodegradable polymers in the LBL architecture. Natural polyelectrolytes have been used in such technology, including a series of polysaccharides, e.g. alginate [21, 22] , Ch [12, 23] , hyaluronic acid (HA) [12, 23] , dextran sulphate [21] and their combinations. Among these, Ch and HA have been widely applied as biomedical materials in various forms. Up to now these natural polymers have been used as sponges [24] , films [25, 26] , capsules [27] or other hydrogel or membrane form. In this work, we hypothesize that the LBL methodology could be used to coat Ch microspheres in order to broaden the versatility of the use of such systems in different biomedical applications. For example, in the context of tissue engineering, the microspheres could act simultaneously as a support for cell adhesion/proliferation and as a matrix to release relevant bioactive agents, including signalling molecules to control cell functions. Here, the LBL coating could act as a transport barrier, enabling to tune the release profile of bioactive agents, or as a substrate to control protein adsorption and cell attachment.
In this work, the microspheres were characterized morphologically by stereolight microscopy, scanning electron microscopy (SEM) and environmental scanning electron microscopy (ESEM). Swelling behaviour and a short term mechanical stability assay were also performed.
Materials and methods

Materials
Medium molecular weight Ch (degree of deacetylation of 83.86%, determined by H NMR, and molecular viscosimetric weight of 662 kDa) and glutaraldehyde (Glu) were purchased from Sigma-Aldrich. HA sodium salt from Streptococcus equi. sp. (HA) with an average molecular weight of 1.63 9 10 6 Da was obtained from BioChemika Fluka. Figure 1 illustrates the molecular structure of both Ch and HA. Acetic acid glacial (CH 3 COOH), sodium hydroxide pellets (NaOH) and sodium chloride (NaCl) were purchased from Panreac Quimica SA.
Preparation of chitosan microspheres and further
crosslinking reactions A 1.5% (w/v) Ch solution was prepared by dissolving Ch overnight in a 2% acetic acid solution. Further filtration by vacuum was carried out, using a nylon filter and a Milipore membrane (5 lm) was carried out to remove the sludges from this natural polymer. Microspheres were prepared by a precipitation method, based on Dini et al. [28] and Malafaya et al. [2] with minor modifications. The Ch solution was extruded through a 0.3 mm needle (BD-Microfine U-100 insulin) at a constant rate of 4 ml/h using a syringe pump (World Precision Instruments, USA), and Ch microspheres were formed once the droplets reached a 1 M NaOH solution from a height of 5 cm, under continuous stirring. After the formed microspheres, the agitation continued for 2 h to guaranty complete precipitation. Subsequently, the microspheres (referred as A) were removed from the precipitation bath and consistently washed with distilled water. 
Polyelectrolyte LBL deposition
0.5% (w/w) HA solution was mixed with 0.15 M NaCl in distilled water and stirred overnight at room temperature, in order to hydrate the polymer. 1.5% (w/w) Ch solution was also prepared following the same procedure described for the HA solution. The final pH of both solutions was adjusted to 4.5 with 0.1 M CH 3 COOH or 1 M NaOH, allowing the solutions to dissolve and also make Ch positively charged and HA negatively charged. The polyelectrolyte multilayer deposition assembly on the microspheres was then accomplished by the consecutive adsorption of the oppositely charged polyelectrolytes with rinsing steps with a solution of 0.15 M NaCl (pH adjusted to 4.5) between adsorption layers. Each deposition took 15 min and the rinsing steps about 2 min [29] . 3, 5, 8 and 10 bilayers (M39, M59, M89 and M109, respectively) were performed on the A30 microspheres. After the multilayer construction, the microspheres were washed with distilled water. Multilayer microspheres were kept in distilled water, until further use. Figure 2 represents a scheme of the LBL procedure used in this work.
Swelling behaviour of the multilayered microspheres
Dried microspheres with a known weight were placed in 10 ml of a pH 7.4 phosphate buffer saline solution and allowed to swell at 37°C for pre-determined times (15, 30, 45 , 60, 120, 240, 360, 480, 1440 and 4320 min). Triplicate samples were used for each test period.
At the pre-determined time, the microspheres were removed from the solution, and the wet weight of the microspheres was determined by blotting them with filter papers to remove the excess of solution on the surface and weighed immediately. The accuracy of the balance used was 0.0001 g. The percentage of degree of swelling was calculated according to Eq. 1:
where m t and m i are the weight of the sample at the specific test time t after absorbing the excess of solution and in the dry state, respectively.
Determination of size and morphology
The size and morphology of the microspheres were investigated by stereomicroscopy (Zeiss-Stemi 2000-C KL 1500 LCD, 459315). Also, scanning electron microscopy, SEM (Leica Cambridge S360), and environmental scanning microscopy, ESEM (FEI Quanta 400 with EDS), were used to study the morphology of the microspheres. Both stereomicroscope and ESEM were used to evaluate the morphology of the microspheres in their swollen form (distilled water), while for SEM the samples were first dehydrated in different increased concentration series of ethanol (25, 30, 50, 70, 80, 90 , and 100%, 30 min each), dried at room temperature, mounted on metal stubs using double sided conducting adhesive tape and vacuum coated with gold in a sputter coating unit. Fifteen microspheres in the swollen state were measured for each sample, while in the dried state, an average of eight microspheres were measured under SEM.
Assessment of the mechanical stability
A short term stability assay was carried out to study the behaviour of the different microspheres submitted to a combination of destabilising forces as to mimic the physiological conditions. The procedure was based on Orive et al. [30, 31] with some modifications. Briefly, Ch microspheres were distributed in five well plates with 10 microspheres in each well. This same procedure was done for A30, M59 and M109 microspheres. In each well, 800 ll of phosphate buffer solution (PBS) was added and each culture plate was placed in a shaker at 200 rpm and 37°C. At 1, 3, 6, 24 and 48 h, ruptured microspheres from each well were counted with a stereolight microscope for statistical evaluation. 48 h was the maximum time period which corresponded to previous experimental work on total drug release, using the same material [32] . Results are presented as the percentage of ruptured microspheres as a function of time.
Results and discussion
Ch microspheres were developed by a precipitation method and further cross-linked with glutaraldehyde (0.025 M). These microspheres were used as a substrate for LBL deposition of HA and Ch. HA and Ch were prepared in a NaCl solution. NaCl solution used for the preparation of the polyelectrolytes and for the rinsing solution played an important role on the final morphology of the multilayered microspheres. This fact has been studied before by several researchers, namely Mo et al. [33] , Kim et al. [34] , and Ye et al. [35] , who confirm that by using polyelectrolyte solutions prepared in a high concentration of NaCl solution, such as 0.15 M, during the LBL procedure it seems to favour a rougher surface upon an increase in the number of layers.
The multilayer microspheres are thought to be useful in tissue engineering, for example, as a support for cell adhesion/proliferation or as a matrix to release bioactive agents; the LBL coating could also be meant to act as a transport barrier, tuning their release. Besides behaving as a matrix, the multilayer microspheres could also be incorporated in a scaffold, releasing the agent while the surrounding material degrades. Therefore, LBL methodology on Ch microspheres might be a valuable procedure in the biomedical field, especially in controlled drug release and regenerative medicine. . A30 has a rougher surface compared to A, probably due to the crosslinking effect, since both materials only differ in the presence of glutaraldehyde. The average roughness determined for microspheres A was 26.1 nm while A30 presented an average of 58.8 nm, more than twice compared to A.
Swelling behaviour
In vitro swelling studies were conducted in PBS (pH 7.4) at 37°C. The swelling degree for the different microspheres was determined by a gravimetric method. The percentage of swelling degree in function of time is given in Fig. 4 depending on the type of microsphere, all cross-linked with 0.025 M glutaraldehyde. As observed, there is a difference between the swelling degree in microspheres that have not been cross-linked (A) and glutaraldehyde cross-linked microspheres (A30, M59, M109). The degree of swelling in microspheres has shown a decreasing trend upon crosslinking with glutaraldehyde: microspheres A show a maximum swelling degree of 132% within a period Addition of HA (negatively charged polyelectrolyte) Fig. 2 Scheme of the electrostatic layer-by-layer polyelectrolyte deposition of 30 min, despite only reaching equilibrium of 115% at 240 min; microspheres A30 reach a maximum swelling degree of 72% within 480 min maintaining the equilibrium for the following test period. The effect of the swelling in hydrogels has also been observed by Gupta and Kumar [36] and Gupta and Jabrail [37] . This swelling behaviour can be explained by the fewer water molecules capable of incorporating the Ch chain due to the entanglement of the chain caused by glutaraldehyde, impeding, therefore, to have higher swelling rate than A, which do not have chemically cross-linked chains and water penetrates more freely.
Multilayered microspheres present more hydrophilic groups in their chains (M109 followed by M59), giving rise to higher degrees of swelling. As can be seen from Fig. 4 , M59 and M109 reach equilibrium of 199 and 286% within 1440 min, respectively. These high values of swelling degree for M59 and M109 microspheres, as compared with the uncoated ones, might be explained based on the fact that HA is a hydrophilic charged polymer [38] . Since M109 has more layers than M59, it would uptake more water than the latter. Despite the fact that the multilayers had been crosslinked after their development, the effect of the hydrophilicity of HA seems to overcome the effect of crosslinking with 0.025 M Glu. The changes in the swelling behaviour of the system could be also triggered by the effect of external variables [39] , such as temperature, by incorporating, for example, thermo-responsive polymers in the particles [40, 41] .
Microspheres size and morphology
The size and morphology of the developed microspheres were analysed by stereolight microscopy, SEM and ESEM and the images are presented in Figs. 5, 6, 7 and 8. It is possible to see that the different microspheres possess an approximately spherical shape but vary in size and morphology (see Table 1 and Fig. 6 ). Multilayered microspheres showed a size of about 1700 lm when swollen and around 770-840 lm when dried, as shown in Table 1 . All microspheres developed exhibit a spherical shape and under stereolight microscopy, the microspheres appeared to have good stability in water (Fig. 5 ). In the dried state, there is a slight decreasing size from M59 to M89. However, the standard deviation is higher for M89 than for M59, which means that there is a higher dispersion of the microspheres size comparatively to M59, in respect to the mean value. In the case of the multilayered microspheres size in the swollen state, the microspheres were measured in a stereolight microscopy, which has a reduced depth of focus and resolving capacity then other characterization techniques capable of observing samples in the humid state. The similar sizes of M59, M89 and M109 might not have been measured precisely and accurately, and as it can be confirmed by the high values of standard deviations. Stereolight microscopy demonstrated to be a useful technique to also observe the shape of the microspheres. Also relating the swelling behaviour with the microsphere size of A and A30, from Fig. 4 it is observed that A has a higher swelling degree than A30, which was expected since when crosslinking occurs, fewer molecules of water are capable of incorporating the Ch chain due to the entanglement of the chain caused by the crosslinker. When crosslinking occurs, A30 does not allow water to penetrate as much as A. Therefore, the size is lower and the swelling degree is lower, comparatively to A. SEM images (Fig. 6a, b) demonstrate a rather smooth surface in the case of the uncross-linked (A) and crosslinked (A30) dried Ch microspheres, compared to multilayered Ch/HA dried microspheres (M59, M89 and M109, Fig. 6c-e, respectively) , which present a rougher surface. This could be the result of several effects. The overall roughness (Fig. 7a1, b1, c1 ) might be explained by the acidic environment of the deposition solutions and rinsing solution. In such conditions, the Ch microspheres are in a highly hydrated state as the amine groups are protonated. When the coated microspheres are washed in neutral solutions the microspheres tend to deswell, but not homogeneously due to the creasing effect caused by the coating. Another explanation may be related to the fact that during the LBL deposition the microspheres are immersed in NaCl-containing solutions and swell in these liquids with high ionic strength; during washing in pure water the water inside the particles comes out by osmosis. This process may be fast and may induce the formation of a rough surface. With regard to the nano-roughness observed in Fig. 7a2, b2 and c2, this could be due to sodium ions that shield the electrostatic repulsion of HA molecules, and the molecules do not diffuse in and out unlike Ch molecules [42] . Richert et al. [42] also reported the importance in ionic strength higher than 0.15 M NaCl in the built up of Ch and HA layers, increasing therefore the total amount of both polyelectrolytes deposited after each layer. The promotion of thicker multilayers by the presence of salt has been reported by Kato et al. [43] . The irregular stacking of oppositely charged Ch and HA chains on the surface of the microsphere and the complexation between the polyelectrolytes multilayers could also explain the roughness presented, which has been reported by Ye et al. [11, 35] .
As expected, the A30 microspheres are slightly smaller than the A ones (see Table 1 ) in the swollen state, being in agreement with the swelling data.
From Fig. 7 , SEM images demonstrate the morphology of the surface of the multilayered microspheres (M59, M89, and M109). It is possible to detect the differences in the surface roughness of the microspheres and the formation of a dense packing on the surface [29] . As the number of HA/Ch polyelectrolyte layers increases (M59, M89 and M109), the differences in the surface roughness of the microspheres are more pronounced as compared to the uncoated microspheres. Also, the ''wavy'' morphology on samples M59, M89 and M109, is also caused by the irregular stacking of polysaccharides on previous layers, as discussed by Ye et al. [11] . Also, ESEM images (Fig. 8 ) obtained in wet state confirm the ''wavy'' morphology of the multilayered microspheres observed in SEM.
The ''wavy'' morphology also plays important roles in the swelling capability. Because the surface of the microspheres have the wavy shape, more water is able to penetrate than a rather smooth surface (which is the case of A and A30, having lower swelling degrees compared to M59, M89 and M109). Microspheres A absorb more water in the first hours than that corresponding to their equilibrium swelling degree because of the need for the chains to stabilize until they reach the equilibrium, as all the samples tested.
Assessment of the mechanical stability
Microspheres were exposed to both agitation and osmotic swelling pressure to evaluate the mechanical strength under physiological conditions. Mechanical stability studies were performed on microspheres under agitation (200 rpm), in PBS, for different periods of time, to the different developed formulations. Figure 9 shows some photographs where the typical breakage caused to the microspheres can be observed (see arrows). Only A, A30 and M39 presented some extent of rupture after 48 h of assessment, indicating that a LBL procedure with more than five bilayers of HA/ Ch over Ch cross-linked microspheres, provides higher mechanical resistance.
The percentage of ruptured microspheres as a function of time is given in Fig. 10 . It is demonstrated that, by the end of the 48 h test period, microspheres A have the highest fraction of ruptured microspheres (14%), followed by A30 and M39, with 8 and 6% ruptured microspheres, respectively. Microspheres M59, M89 and M109 did not show, in the time periods tested, any rupture. These results indicate that multilayered cross-linked microspheres with more than three bilayers are mechanically more resistant than uncross-linked and cross-linked Ch microspheres.
The breakage of the microspheres under mechanical assessment is caused by the swelling effect encouraged by the mass transfer from the PBS solution through the microsphere surface [44] . Crosslinking promotes some mechanical stability in the microspheres. This is shown in Fig. 10 , where all microspheres except A, which are not cross-linked have less percentage of rupture, i.e., fewer water molecules penetrated inside the microsphere inducing the breakage of the membrane of the microspheres by osmosis. Microspheres A have a less stable structure compared to cross-linked microspheres.
Despite the fact that crosslinking may increase the resistance against mechanical rupture of the microspheres, fact evidenced by the lower percentage of ruptured crosslinked Ch microspheres (A30) over uncross-linked microspheres (A), it seems that LBL procedure on cross-linked Ch microspheres also increases their mechanical resistance, most likely because of the complexation between the oppositely charged polyelectrolytes, Ch and HA. Therefore, the multilayers seem to have a positive effect on the mechanical resistance of Ch cross-linked microspheres. Therefore, resistance should be a result of the robust and stable coating that was built on the microspheres.
Conclusions
In conclusion, we have successfully built polyelectrolytes multilayers on Ch crosslinked microspheres including also Ch as a component of the coating, which could possibly be applied as a support for cell adhesion/proliferation and even as a matrix to release a bioactive agent. Ch-based cross-linked microspheres were prepared by a precipitation method and were used as a template for Ch/HA multilayer deposition. The multilayer microspheres demonstrated good mechanical stability and higher swelling behaviour than single microspheres, possibly indicating that these types of microspheres might present higher loading of a bioactive agent or cells than simple microspheres. It is believed that such coated microspheres could extend the applicability of Ch microspheres in areas such as tissue engineering and in systems for the release of bioactive molecules. Particulate systems provide a suitable form of delivering a certain bioactive agent due to their unique size, surface area, and physicochemical properties. Therefore, it is believed that the LBL methodology on microspheres might create a sustained release of a possible bioactive agent from the microspheres.
